© Versita Sp. z o.o. , Cu 2+ and pyrocatechin on a poly(o-aminophenol) (PoAP) modified glassy carbon electrode (GCE) was investigated. The PoAP polymer was found to affect the redox process of copper and pyrocatechin. The use of polymer of different thicknesses showed that the obtained film has a dense, nonporous structure. The redox process of the examined substances may be considered as proceeding on the polymer surface. The PoAP polymer obtained in the described conditions takes part in charge transfer.
Introduction
To investigate the properties of electroactive polymers several research techniques such as cyclic voltammetry, rotating disc electrode voltammetry, normal pulse voltammetry, potential step chronoamperometry, potential step chronocoulometry, electron spin resonance, bean probe deflection, surface resistance and electrochemical impedance spectroscopy were used. In studies of the polymer PoAP, cyclic voltammetry is the most common used method [1] .
The study of electrode processes on the platinum, indium-tin oxide electrodes modified with polymer (PoAP) was carried out for many substances such as Cu 2+ , VO 2 2+ , Fe 3+ , Fe(CN) 6 4-, 1,1'-dimethyl-4, 4'-dipirydyl, methylene violet, and p-benzoquinone [2] [3] [4] [5] [6] [7] [8] [9] .
One of the methods used in conductivity investigations in electrochemical systems is to use a modified electrode as the working electrode in solutions of the redox system of known mechanisms of the process [10] . These substances, which are characterized by lower redox potentials than the formal potential of the film, can be reduced on the modified electrode and thus the appearance of peaks is expected both in the conducting polymer and the redox pair. This method can also be applied for the compounds with higher redox potential than the formal potential of the film.
The PoAP film is electroactive both in anhydrous and aqueous solutions containing protons up to pH = 7. When the pH of the solution decreases, the voltammetric peaks of its redox transformation increase with a simultaneous shift towards more positive potentials [10, 11] . The course of the redox process of the polymer is described as a combination of protons elimination and the process of reversible charge transfer [10, 12] .
Ortega [2] reports that PoAP exhibits conducting properties at lower polarization potentials than the formal potential of the film, and that polarons are responsible for the conducting nature of the film in this range of potentials. During polarization to higher potential values, the polarons combine to form bipolarons. parts of the polymer has a significant effect on the decrease of its conductivity, as it leads to isolation of polarons and bipolarons along the chains.
The aim of this study is to examine the possibility of the occurrence of the electrode process Pb 2+ , Ni 2+ , Cu
2+
and pyrocatechin on a (GCE) coated with a PoAP film (formal potentials of these substances are situated in areas where the PoAP film was in its reduced, oxidized or partly oxidized form) in terms of assessing polymer electroactivity under certain conditions of the electrode process.
Experimental procedure
Measurements were carried out using a PA-4 polarograph from Laboratorni Pristroje (Prague) using a three-electrode cell. The reference electrode was a saturated sodium chloride calomel (SSCE), the counter electrode was a platinum electrode of the surface 2 cm 2 , and the working electrode was a glassy carbon electrode (GCE) having a 3 mm geometrical diameter. The working electrode was cleaned in base water with Al 2 O 3 suspension. Next, it was rinsed with distilled water and washed for 60 seconds in ultrasound bath, and then it was once again washed with water.
Chemicals of analytical grade were used. Water was distilled twice. Monomer concentration in the cell before the polymerization process started was equal to 1×10 4 OH were used as basic electrolytes. All measurements were performed at the temperature of 298±1 K. The solutions were deaerated using nitrogen. The gas was passed over the solutions during the measurements.
Results and discussion

Determination of conditions of oAP electropolymerization on GCE
To perform the measurements, it was necessary first to determine the conditions in which the process of PoAP polymer deposition on the glassy carbon electrode was reproducible. The process of oAP electropolymerization on the GCE was performed using solutions containing -5 mol L -1 . For each of those concentrations, the course of the process was also checked depending on the scan rates of 50, 100, 200 and 500 mV s -1 . The course of anodic-cathodic cycles for all oAP solutions was examined in the range of potential from -0.6 to 0.9 V obtaining well-defined curves. Cycling the electrode potential for electropolymerization of o-aminophenol on different electrode materials is given in the review, which concerns electrochemical synthesis and spectroscopic characterization of (PoAP) film electrodes [13] .
Electropolymerization of the monomer was performed in 1 mol L -1 HClO 4 . For comparison, electropolymerization was also performed in 1 mol L -1 H 2 SO 4 . In view of the time needed to obtain the polymer and well-defined peaks that appeared on cyclic voltammetric curves, further measurements were performed for PoAP films obtained from 1 mol L -1 HClO 4 solution containing 1×10 -3 mol L -1 oAP at the scan rate of 100 mV s -1 . Studies carried out by Bonfranceseschi et al. [14] showed that the PoAP film has different morphology depending on its thickness. The investigations into polymer properties were carried out for two different degrees of the development of the electropolymerization process.
Figs. 1 and 3 present cyclic voltammograms corresponding to the moments when the process of electropolymerization was interrupted. The first case of 95 cycles ( Fig. 1 ) corresponds presumably to the moment when PoAP film has a fibrillar structure (Fig. 2) [14] with pores through which various depolarizers may defund. In the second case, there are 240 cycles (Fig. 3) when PoAP film is thicker and its structure is dense and smooth (Fig. 4) [14] .
In two cases, the films obtained from the 10 -5 oAP in 1 mol L -1 HClO 4 solution were examined at the scan rate of 50 and 100 mV s -1 , which also corresponded to PoAP films of different thickness and different morphology.
Investigation of the effect of pH on the redox process of PoAP film
First, we examined the effect of pH on the activity of PoAP film of greater thickness, i.e., one obtained after oAP electropolymerization to the 240th cycle (Fig. 3) . After transferring the obtained film into the electrolyte solution free from oAP, the peak at about -0,05 V, which was ascribed to the reduction of PoAP and 2-aminophenoxazin-3-one (APZ), slightly decreases. ) 1-6 number of peak. Polymerization completed after 240 cycles.
The same situation occurs in the case of the complementary oxidation peak. This is confirmed by an earlier investigation of Barbero [15] , where it was found that APZ is not immobilized on the electrode, but exists only inside the solution. After 1-day soaking, PoAP polymer has the same properties. The height of its reduction and oxidation peaks remained practically unchanged. After the electrolyte solution was alkalized with concentrated NaOH solution, it was observed that the heights of peaks decrease with a simultaneous shift of their maxima towards negative potentials (Fig. 5) . At pH 4.92, the signal of redox transformation of the film is very small. This confirms the reports by Barbero [15] , Jackowska [16, 17] and Zhang [18] where it was stated that the PoAP oxidation and reduction reactions are closely related to proton addition and proton elimination.
In order to verify the reversibility of redox activity of PoAP polymer, the pH was once again lowered. Together with an increase of H + ions concentration, the polymer regained its activity. However, after placing it again in fresh 1 mol L -1 HClO 4 the polymer did not regain its full redox activity. This may indicate that there occurs irreversible or at least very stable blocking of active sites of the polymer, e.g. by strong Na + ions bond, due to which a certain number of those sites do not take part in the redox transformation of PoAP.
A similar investigation was performed for the film obtained after oAP electropolymerization to the 95th cycle. After transferring the film to the electrolyte (pH = 1,12) without the oAP monomer, the peaks corresponding to redox reactions of the polymer decreased. At the same time, the peaks ascribed to the redox reaction of linear oAP dimer disappeared, which confirms unequivocally that PoAP polymer is the only electrooxidation product deposited on the electrode. After transferring the PoAP film-modified electrode to 1 mol L -1 H 2 SO 4 solution, the polymer activity increased with a simultaneous shift of the peaks maxima towards more positive potentials. This is also the evidence for the participation of H + ions in the process of redox transformation of the film. When the film was placed in 1 mol L -1 ammonium buffered solution (pH = 9.2), the activity of the polymer again practically disappeared.
Investigation of electrode processes of selected substances at PoAP-modified GCE
In order to find out in what potential range the polymer is electroconducting, measurements were performed using cyclic voltammetry for PoAP film electrode in the presence of substances whose formal potentials are situated in areas where the PoAP film was in its reduced, oxidized or partly oxidized form. The electrode processes of Ni
2+
and Pb 2+ on the polymer were investigated in the area of potentials where the polymer was in its fully reduced form, Cu 2+ in areas where the participation of reduced and oxidized units was comparable and pyrocatechin in areas where the polymer was fully oxidized.
For each case under examination the effect of film thickness on the changes of redox signals of depolarizers at PoAP-modified GCE was also inspected.
Investigation of the changes in electrode signal in Ni 2+ ions solution
The investigation of the effect of coating the GCE surface with PoAP polymer of different thickness on the course of redox reaction of nickel was performed in alkaline and acidic solutions. In both cases the concentration of Ni
2+
ions was equal to 1×10 -3 mol L -1 . For both film thicknesses, after the 95th and 240th cycles during registration of cyclic voltammetric curves from the Ni 2+ ions solution in alkaline medium, we could observe a decrease of current values for peaks corresponding to the redox process of the polymer. This may indicate that part of the active PoAP sites is blocked by nickel ions. Identification of the nickel reduction peak is difficult because the peak potential corresponding to this process is very similar to that of PoAP reduction.
The registered cyclic voltammetric curves from acidic solutions are presented in Fig. 7 .
Curve 1 in Fig. 7 corresponds to the redox process of uncoated GCE. As can be seen, nickel reduction proceeds in an irreversible way and the peak ascribed to this process is situated in the range of potentials -0.4 to -0.6 V. After coating the electrode with PoAP film, this peak is not formed at all (curve 3). It can be concluded that Ni 2+ ions do not bind with the active sites of the polymer because the polymer retains its redox activity. Similar activity is exhibited by PoAP film of increased thickness (Fig. 7) for which even 1-day soaking in a solution of nickel ions did not result in any major changes.
Investigation of the changes in electrode signal in Pb 2+ ions solution
Cyclic voltammetric curves for Pb 2+ ions were registered only for acidic solutions because of lead hydroxide precipitate formation. The redox reaction for lead, similarly as for nickel, proceeds in the area of potentials where PoAP is already in its reduced form. The curves in Fig. 8 correspond to the redox process of lead on the GCE electrode. On the cathode branch of the curve at about -0.6 V, there is a clear though broad peak corresponding to Pb 2+ ions reduction to metallic lead. This peak has its complementary oxidation peak with a maximum at about -0.45 V. Unlike the reduction peak, it is sharp and very high.
After coating the surface of carbon electrode with PoAP polymer, neither of the above-described peaks is formed (Fig. 8a) . At the same time the peaks ascribed to the redox reaction of the polymer remain basically unchanged.
The same course of cyclic voltammetric curves was observed for the PoAP film of greater thickness (Fig. 8b). 
Investigation of the changes in electrode signal in Cu 2+ ions solution
The registered cyclic voltammetric curves of Cu (1) 
1×10
-2 mol L -1 in 1 mol L -1 H 2 SO 4 solution at a scan rate of 50 mV s -1 is presented in Fig. 9 . The course of curve 2 is practically unchanged in comparison with non-modified GCE, and only a small increase in the heights of particular copper peaks is observed, which can be explained by an increase of polymer-derived capacity current. At the same time, one can observe a clear decrease of the redox signal of the polymer itself in comparison with the curve registered for PoAP in the same electrolyte (curve 1). These changes probably are not related to the formation of strong Cu 2+ ions bonding in some active sites of the polymer. These compounds, as is clear from [19] , are unlikely for the PoAP but formed with poly(1,8-diaminonaphtalene) and poly(1,5-diaminonaphtalene). As can be seen from [3] , reduced forms of Cu were absent in the film.
A similar course of cyclic voltammetric curves was obtained for the PoAP film of lesser thickness, obtained as a result of oAP polymerization from the 1M HClO 4 solution. The change of redox signals from copper solutions of different concentrations 10 -3 , 10 -4 and 10 -5 mol L -1 were also examined. The reduction and oxidation peaks of copper, enlarged by the polymer capacity current, reattain their heights for all examined concentrations. A considerable decrease of the signal for redox transformation of the PoAP film is also observed. Also for the film of greater thickness, the values of peak currents for copper remain practically unchanged. In these conditions, the Cu 2+ reduction peak is not very clear because it is situated in the same area as the reduction peak of the polymer. At this film thickness, the PoAP reduction peak is much higher than at lower thickness, ).
whereas its current value is no longer decreased in the presence of copper ions. The redox process of copper ions and PoAPmodified GCE was also examined in acidic solutions. Unlike the ammonium buffer solution, the cyclic voltammetric curve registered for Cu 2+ ions in 1 mol L -1 H 2 SO 4 solution shows two peaks for the GCE electrode. The anodic oxidation peak is high and sharp, whereas its complementary reduction peak is broad with a weak current maximum at about -0.4 V (Fig. 10, curve 3) .
After modification of the GCE surface with PoAP film (curve 2), the oxidation peak of copper retains its current maximum at 0.1 V, but at the same time there occurs peak broadening. The oxidation signal of copper is visible until about 0.4 V. At the same time, the copper reduction peak practically disappears. Very similar results were obtained by Ortega [2] for the redox reaction of copper on polymer-uncoated working platinum electrode. However, after modification of the electrode surface with PoAP film, the oxidation peak of copper was sharp and high all the time. Also, the reduction peak of Cu 2+ ions remained well resolved. The above differences can be explained by the fact that Ortega obtained a polymer with a different structure and used a different basic electrolyte (0.4 mol L -1 NaClO 4 ). (1) ).
Investigation of the changes in electrode signal in pyrocatechin solution
In order to examine the conducting properties of the polymer in the area of potentials where it appears in its oxidized form, pyrocatechin was used as a redox active species. As can be seen in Fig. 11a , the redox process of pyrocatechin is reversible. Both the oxidation peak with the current maximum at 0.6 V and the reduction peak of pyrocatechin with a maximum at about 0.45 V are well resolved. After electrode coating with PoAP film, a marked change can be observed in the course of cyclic curves of pyrocatechin. Namely, in the cathodic cycle, the reduction peak is separated into two stages and the sum of their current values is equal to the height of pyrocatechin peak in conditions when the electrode surface was not coated by the film. The maximum of the oxidation peak is shifted towards more negative potentials. Additionally, it can be observed that in the presence of pyrocatechin, the oxidation peaks of the polymer practically do not change their current values. Also, the height of PoAP reduction peak does not really change, because a small peak increase that can be seen is in fact caused by being partly overlapped by the reduction peak of the product of pyrocatechin electrode oxidation. It can also be observed that on the cathodic branch of curve 3, there appears a new broad peak extending from about 0.7 to 0.4 V. This peak did not appear when the GCE was uncoated with PoAP polymer (curve 1). A similar effect was obtained when registering voltammetric curves at GCE coated with PoAP film of greater thickness (Fig. 11b) . 
Conclusions
1. The PoAP polymer affects the redox process of some redox substances. This effect was obtained for copper in acidic medium and for pyrocatechin, where in comparison with the same GCE electrode, PoAP polymer changes the mechanism of reduction of its oxidation products.
2. Monomer concentration and the rate of polarization have a large influence on the electropolymerization process. Very well-defined peaks at voltamperometric curves were obtained for the polymer obtained from HClO 4 solution at a concentration of 10 -3 mol L -1 oAP at scan rate 100 mV s -1 3. Electropolymerization of oAP performed with 1 mol L -1 H 2 SO 4 proceeds more rapidly than from 1 mol L -1 HClO 4 solution. This is probably due to acceleration of chemical cyclization reactions of linear dimer oAP to APZ, which impede the process of PoAP polymer formation. Electropolymerization of oAP proceeds at all polarization rates examined, but exact analysis of cyclic voltammetric curves and the preparation of film with reversible properties was only possible at scan rates of 50 and 100 mV s -1 . 4. PoAP polymer is electroconducting when it occurs in partly reduced form, or (which was excluded by Ortega [2] ) in fully oxidized form. This is confirmed by the results obtained for pyrocatechin, because in the area where PoAP polymer is oxidized, there appear clear peaks of its reduction and oxidation.
5. PoAP polimer in oxidized form could have a bipolaron nature of electric conductivity or the obtained film has a different structure. The second assumption seems to be confirmed by the fact that the peaks obtained by Ortega while investigating the redox properties of copper at PoAP-modified electrode, were situated at the same positions as those obtained at the nonmodified electrode. In the case of the polymer examined in this work, the redox reaction of copper is different. This polymer most likely has a different structure in comparison with that obtained by Ortega, and contains a greater number of units where the rings are not fully closed. The structure of a polymer where the rings were not fully closed (1,4-substituted) was proposed earlier by Zhang [18] .
6. Very similar results obtained for polymers of different thickness indicate that unlike PoAP film obtained by Bonfranceschi [14] , the presently obtained film has a dense non-porous structure even at lesser thicknesses. Perhaps it is the structure presented in [14] , Fig. 12 .
7. The redox process of investigated substances can therefore be seen as one proceeding on the polymer surface. Thus, the PoAP polymer obtained in these conditions takes part in charge transfer. 
